Rhizobium leguminosarum bv. trifolii pssA encodes a glucosyl-isoprenylphosphate (IP)-transferase involved in the first step of exopolysaccharide (EPS) synthesis. It was found that the pssA gene is an important target for regulation of this biosynthetic pathway. The data of this study indicate that pssA transcription is a very complex and mainly positively regulated process. A detailed analysis of a 767-bp-long pssA upstream region revealed the presence of several sequence motifs recognized by regulatory proteins that are associated with phosphate-, carbon-, and iron-dependent regulation. In addition, numerous inverted repeats of different lengths have been identified in this region. pssA transcription is directed from two distal P1 and proximal P3 promoters whose sequences demonstrate a significant identity to promoters recognized by RNA polymerase sigma factor 70 . Among rhizobial proteins, RosR seems to be a primary regulator that positively affects pssA expression. This protein binds to RosR box 1 located downstream of the P1 promoter. In addition, phosphate and the carbon source strongly affect pssA transcription. A significantly lower level of pssA expression was observed in both the wild-type strain growing under phosphate-rich conditions and the phoB mutant. In this regulation, the PhoB protein and Pho box 2 located upstream of the P3 promoter were engaged. pssA transcription is also significantly affected by glucose. Transcriptional analysis of a set of pssA-lacZ fusions expressed in Escherichia coli wild-type and cyaA and crp mutants confirmed that cyclic AMP (cAMP) receptor protein (CRP) and two cAMP-CRP boxes located upstream of the P1 are required for this upregulation. Moreover, the production of EPS was totally abolished in R. leguminosarum bv. trifolii mutant strains 4440 and 1012 containing a Tn5 insertion downstream of the P3 promoter and downstream of the P3 ؊35 hexamer, respectively. R hizobium leguminosarum bv. trifolii is a soil bacterium able to induce formation of nitrogen-fixing root nodules on its host plant, clover (Trifolium pratense). The establishment of symbiosis is a complex process involving an exchange of a series of signals between the plant and the bacterium; among them, flavonoids secreted from plant roots and bacterial Nod factors are the best characterized signals (1). In addition, acidic exopolysaccharide (EPS) secreted by rhizobia in large amounts plays a crucial role in the symbiotic interactions with legumes that form indeterminatetype nodules (e.g., Trifolium, Pisum, Vicia, and Medicago) (2). EPS-deficient mutants of R. leguminosarum bv. trifolii induce formation of small, only partially infected nodules on clover plants that are ineffective in nitrogen fixation (3-5). In free-living cells of rhizobia, EPS has several other functions such as nutrient gathering, protection against environmental stresses, attachment to abiotic and biotic surfaces, and biofilm formation, ensuring adaptation of these bacteria to changing environmental conditions (6). EPS produced by R. leguminosarum is a polymer composed of octasaccharide repeating units containing D-glucose, D-glucuronic acid and D-galactose in a molar ratio of 5:2:1, substituted with O-acetyl and pyruvyl groups (2). The assembly of the repeating units is initiated by transfer of glucose-1-phosphate from UDP-glucose to a C 55 -isoprenylphosphate (IP) carrier located in the inner membrane. This step of EPS synthesis is conducted by a glucosyl-IP-transferase encoded by the pssA gene that represents an individual open reading frame (ORF) and is unlinked to other EPS synthesis genes (4, 7-9). pss genes encoding enzymes involved in the successive steps of EPS synthesis are organized in a large chromosomal EPS cluster I (10). pssDE genes encode a glucuronosyl-(␤1-4)-glucosyl transferase catalyzing the second step of the unit synthesis, whereas pssC encoding a glucuronosyl-(␤1-4)-glucuronosyl transferase is engaged in the third step of the subunit assembly (11). Mutations in pssA and pssDE genes resulted in failure of EPS synthesis (3-5, 7, 8), whereas the pssC mutant synthesized about 40% of the amount of EPS produced by the wild type (4). Other genes of cluster I are predicted to be involved in the subsequent steps of the unit synthesis (pssGHI coding for putative glycosyl transferases) and EPS modification (pssRMK genes). Recently, Ivashina and coworkers have indicated that pssM encoding a ketal pyruvate transferase is necessary for addition of the pyruvyl group to the subterminal glucose in the EPS repeating unit (12). R. leguminosarum bv. viciae strain VF39 containing a mutation in this gene failed to elicit nitrogen-fixing nodules on peas.
R
hizobium leguminosarum bv. trifolii is a soil bacterium able to induce formation of nitrogen-fixing root nodules on its host plant, clover (Trifolium pratense). The establishment of symbiosis is a complex process involving an exchange of a series of signals between the plant and the bacterium; among them, flavonoids secreted from plant roots and bacterial Nod factors are the best characterized signals (1) . In addition, acidic exopolysaccharide (EPS) secreted by rhizobia in large amounts plays a crucial role in the symbiotic interactions with legumes that form indeterminatetype nodules (e.g., Trifolium, Pisum, Vicia, and Medicago) (2) . EPS-deficient mutants of R. leguminosarum bv. trifolii induce formation of small, only partially infected nodules on clover plants that are ineffective in nitrogen fixation (3) (4) (5) . In free-living cells of rhizobia, EPS has several other functions such as nutrient gathering, protection against environmental stresses, attachment to abiotic and biotic surfaces, and biofilm formation, ensuring adaptation of these bacteria to changing environmental conditions (6) . EPS produced by R. leguminosarum is a polymer composed of octasaccharide repeating units containing D-glucose, D-glucuronic acid and D-galactose in a molar ratio of 5:2:1, substituted with O-acetyl and pyruvyl groups (2) . The assembly of the repeating units is initiated by transfer of glucose-1-phosphate from UDP-glucose to a C 55 -isoprenylphosphate (IP) carrier located in the inner membrane. This step of EPS synthesis is conducted by a glucosyl-IP-transferase encoded by the pssA gene that represents an individual open reading frame (ORF) and is unlinked to other EPS synthesis genes (4, (7) (8) (9) . pss genes encoding enzymes involved in the successive steps of EPS synthesis are organized in a large chromosomal EPS cluster I (10) . pssDE genes encode a glucuronosyl-(␤1-4)-glucosyl transferase catalyzing the second step of the unit synthesis, whereas pssC encoding a glucuronosyl-(␤1-4)-glucuronosyl transferase is engaged in the third step of the subunit assembly (11) . Mutations in pssA and pssDE genes resulted in failure of EPS synthesis (3-5, 7, 8) , whereas the pssC mutant synthesized about 40% of the amount of EPS produced by the wild type (4) . Other genes of cluster I are predicted to be involved in the subsequent steps of the unit synthesis (pssGHI coding for putative glycosyl transferases) and EPS modification (pssRMK genes). Recently, Ivashina and coworkers have indicated that pssM encoding a ketal pyruvate transferase is necessary for addition of the pyruvyl group to the subterminal glucose in the EPS repeating unit (12) . R. leguminosarum bv. viciae strain VF39 containing a mutation in this gene failed to elicit nitrogen-fixing nodules on peas.
The level of EPS biosynthesis, the polymerization degree, and the type of non-sugar modifications are very important for biological functions of this polymer in the symbiosis. However, until now, very little has been known about EPS synthesis in R. leguminosarum and regulation of expression of pss genes by environmental signals. So far, only a few regulatory genes involved in this process have been described (6) ; these include rosR, pssB, and exoR located on the chromosome of R. leguminosarum and psrA and psiA genes located on the symbiotic megaplasmids (pSym) of R. leguminosarum bv. phaseoli strains exclusively. Although the mutation in psiA does not affect EPS production, the presence of multiple copies of this gene prevents EPS synthesis. The effect of additional psiA copies was overcome in the presence of extra copies of psrA or pssA, indicating that a balanced number of psiA, psrA, and pssA copies is required for a proper level of EPS production (13) (14) (15) . Moreover, a negative effect of pssB encoding an inositol monophosphate phosphatase on EPS biosynthesis has been observed (16) . In R. leguminosarum, EPS synthesis is probably also regulated by exoR because a mutant in this gene produced more EPS than the wild-type strain (17) .
Recently, a role of rosR encoding a transcriptional regulator involved in EPS biosynthesis has been confirmed (18) . A mutation in R. leguminosarum bv. trifolii rosR resulted in a 3-fold decrease in EPS synthesis and ineffective symbiosis with clover, whereas multiple copies of this gene caused a 2-fold increase in production of this polymer (5, 18) . RosR is a 15.7-kDa protein with a C 2 H 2 -type zinc finger motif at its C terminus which binds to a 22-bp-long sequence termed the RosR box. It was confirmed that RosR recognizes and binds specifically to the RosR box motif located in the rosR upstream region and negatively regulates the transcription of its own gene. rosR expression is affected by some environmental signals such as the carbon source, phosphate, and flavonoids (19, 20) . The same external factors influence the level of EPS production in R. leguminosarum. It seems possible that transcription of pssA, the key gene in EPS synthesis, is also regulated in response to changing environmental conditions. Until now, there have been only fragmentary data concerning pssA expression. Previously, we have established that clover root exudates and ammonia slightly affect the transcription of this gene (21) . In this report, a detailed functional analysis of the pssA upstream region was performed, and the functions of some identified sequence motifs in regulation of transcription of this gene were confirmed.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains, plasmids, and oligonucleotide primers used in this study are listed in Table 1 . R. leguminosarum and Sinorhizobium meliloti strains were routinely grown in 79CA medium with 1% glycerol as a carbon source (22) and in M1 minimal medium (23) containing 1% glycerol and 2 ml liter Ϫ1 vitamin stock solution (24) at 28°C on a rotary shaker (120 rpm). Escherichia coli strains were grown in Luria-Bertani (LB) medium at 37°C (23) . To study the effect of phosphate on pssA expression, the strains were cultured in M1 medium buffered with 20 mM morpholinepropanesulfonic acid (MOPS) and supplemented with appropriate concentrations of K 2 HPO 4 . To establish the influence of iron on the expression of pssA-lacZ fusions, the rhizobial strains were grown in M1 medium supplemented with 20 M FeCl 3 (high-Fe medium). Low-Fe medium contained 20 M 2,2=-dipyridyl instead of Fe. To study the effect of the carbon source on pssA transcription, R. leguminosarum and E. coli strains were cultured for 24 h in M1 medium supplemented with 1% glycerol or 1% glucose. When required, antibiotics were used at the following final concentrations: kanamycin, 40 g ml Ϫ1 ; rifampin, 40 g ml Ϫ1 ; gentamicin, 10 g ml Ϫ1 ; streptomycin, 200 g ml Ϫ1 ; ampicillin, 100 g ml Ϫ1 ; tetracycline, 10 g ml Ϫ1 ; and nalidixic acid, 40 g ml Ϫ1 . DNA methods and sequence analysis. Standard techniques were used for plasmid and genomic DNA isolation, restriction enzyme digestion, cloning, and transformation (23) . For PCR amplifications, REDTaq Ready PCR Mix (Sigma) and plasmid or genomic DNA isolated from E. coli and R. leguminosarum strains were used as templates. Amplicons and plasmid constructs were sequenced using a BigDye Terminator cycle sequencing kit (Applied Biosystems) and an ABI Prism 310 sequencer. Database searches were done with the BLAST and FASTA programs available from the National Center for Biotechnology Information (Bethesda, MD, USA) and the European Bioinformatic Institute (Hinxton, United Kingdom). Promoter prediction in the sequence upstream of pssA was done using the BDGP Neural Network Promoter Prediction (www.fruitfly .org). The searches for several motifs in the promoter region of this gene were performed with Malign and Fuzznuc programs using CTTGAC-N 17/18 -CTATAT (S. meliloti promoter consensus), TGAAATCTAGGGG TAGATTTCA (RosR box consensus), CTGTCAT-N 4 -CTGTCAT (Pho box), TTT-N 11 Construction of plasmids bearing transcriptional pssA-lacZ fusions. To construct plasmids containing specific regions of the pssA promoter, the broad-host-range plasmid pMP220 carrying a promoterless lacZ gene was used. Based on a 1.7-kb HindIII fragment of plasmid pM18 containing pssA with its long upstream regulatory region, a set of deletion derivatives was generated by PCR amplification using the following primer pairs: PA1/PAR1 (for pPA1 fusion), PA2/PAR1 (pPA2), PA3/ PAR1 (pPA3), PA4/PAR1 (pPA4), PA4-A/PAR1 (pPA4-A), PA4-B/PAR1 (pPA4-B), and PA5/PAR1 (pPA5) ( Table 1 ). The PCR products obtained were digested with EcoRI and PstI enzymes, cloned into the corresponding sites in the pUC19 vector, and verified by sequencing. Then, plasmidderived EcoRI-PstI fragments were cloned between the respective sites of the pMP220, yielding plasmids pPA1 to pPA5 containing individual fragments of the pssA upstream region fused to the lacZ gene. For construction of the pPA4-C fusion (Table 1) , two primer pairs, PA4/PAC-R and PAC-F/PAR1, were used, yielding amplicons of 261 bp and 182 bp, respectively. The 261-bp fragment was digested with EcoRI and BamHI enzymes, and the 182-bp fragment was digested with BamHI and PstI enzymes. The EcoRI-BamHI and BamHI-PstI fragments were ligated and cloned into the EcoRI and PstI sites of the pUC19 vector, yielding pMJ440. The insertion of this plasmid was verified by sequencing, digested with EcoRI and PstI enzymes, and cloned into the respective sites of pMP220, resulting in pPA4-C fusion. The constructed plasmids were introduced into E. coli, R. leguminosarum and S. meliloti by electroporation as described earlier (19) .
Mutagenesis of the pssA regulatory region. For mutagenesis of the pssA upstream region, a pM34 plasmid as a target and an EZ:: TNϽKAN-2Ͼ Insertion Kit (Epicentre Technology), which enables generation of random mini-Tn5 transposon insertions into target DNA, were used according to the manufacturer's instruction. Tn5 locations in pM34 derivatives were established by restriction and sequencing analyses. Among these, two plasmids, pMT4 and pMT10, with mini-Tn5 transposons inserted at positions Ϫ77/Ϫ78 bp and Ϫ253/Ϫ254 bp of the pssA upstream region, respectively ( Fig. 1 ) (accession number AF316883), were chosen for further studies. Subsequently, 4.6-kb EcoRI inserts of these plasmids were cloned into the appropriate site of pSUP202, resulting in the plasmids pMSUP4 and pMSUP10, respectively. These constructs were introduced into E. coli S17-1 by transformation and then into R. leguminosarum bv. trifolii strain 24.2 via biparental conjugation. Transconjugants were selected on 79CA medium supplemented with kanamycin and rifampin. Two clones, named R. leguminosarum bv. trifolii strains 4440 and 1012, which formed small nonmucoid colonies were isolated as a result of conjugation with the S17-1(pMSUP4) and S17-1(pMSUP10) donors, respectively.
Construction of plasmids containing different fragments of the pssA upstream region. To construct a set of plasmids containing different fragments of the pssA regulatory region, the following primer pairs were used: PA1/PAR2, PA2/PAR2, PA3/PAR2, PA4/PAR2, and PA5/PAR2 (Table 1). Based on the pM18 plasmid, PCR products 0.75 kb, 0.53 kb, 0.37 kb, 0.28 kb, and 0.13 kb long were obtained. Additionally, 1.55-kb-and 1-kb-long amplicons containing pssA with a full-length upstream region and exclusively the P3 promoter were yielded using the PA1/PAR3 and PA4/PAR3 primers, respectively. All of these PCR products were digested with EcoRI and XbaI enzymes and cloned into respective sites of the pBBR1MCS-2 vector, yielding plasmids pAX1 to pAX7. The constructs obtained were introduced into strain 24.2 by electroporation.
␤-Galactosidase assay. R. leguminosarum, S. meliloti, and E. coli derivatives containing pssA-lacZ fusions were grown for 24 h in 79CA or M1 medium supplemented with tetracycline and, where necessary, appropriate concentrations of FeCl 3 , 2,2=-dipirydyl, MOPS, or K 2 HPO 4 . To study the effect of the carbon source on pssA expression, the bacteria were grown in M1 medium supplemented with 1% glycerol or 1% glucose. The assays for ␤-galactosidase activity were carried out according to the protocol described by Miller (26) . The reported values are given in Miller units and are averages of at least three independent experiments.
Overexpression and purification of RosR protein. Overproduction and purification of RosR protein under native conditions were done as described earlier (18) . Briefly, the E. coli M15(pQE450) strain bearing the expression vector pQE-32 with a 450-bp BamHI-SalI fragment containing the 24.2 rosR gene cloned upstream of a His 6 tag sequence was used. The strain was grown in 200 ml of LB medium supplemented with ampicillin and kanamycin at 30°C. After 5 h of growth (optical density at 600 nm [OD 600 ] of ϳ0.4), rosR expression was induced by addition of isopropyl-␤-D-thiogalactopyranoside to a final concentration of 1 mM, and the induction was conducted for 4 h. Then, cells were harvested by centrifugation, and the pellet was lysed in lysis buffer (50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, 5 mM imidazole, 1 mM phenylmethylsulfonyl fluoride, and 1 mg ml Ϫ1 lysozyme) and sonicated. A crude lysate was clarified by centrifugation and applied to a nickel-nitrilotriacetic acid (Ni-NTA) resin (Qiagen). His 6 -RosR protein was eluted from the column with 200 mM imidazole, dialyzed two times against a buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 10% vol/vol glycerol) and concentrated using Amicon columns (Millipore). The protein concentration was determined by the Bradford method using a Bio-Rad Protein assay (Bio-Rad). The purity of His 6 -RosR was confirmed using polyacrylamide gel electrophoresis.
EMSAs. For electrophoretic mobility shift assays (EMSAs), a 145-bp fragment of the pssA regulatory region matching RosR box 1 was amplified by PCR using plasmid pPA1 as a template and primers EMSA13 and EMSA14 (Table 1) . PCR amplification was performed using 100 ng of pPA1 and REDTaq Ready PCR Mix in a final volume of 100 l. The PCR mixture contained a 0.5 M concentration of each forward and reverse primer. The temperature cycle used was 94°C for 3 min, followed by 25 cycles of 94°C for 60 s, 54°C for 40 s, and 72°C for 30 s, with a final extension at 72°C for 3 min. The PCR product was purified on columns (A&A Biotechnology), and its concentration and quality were established in agarose gel electrophoresis. Then, the DNA fragment was labeled at the 3= end with a terminal transferase and digoxigenin (DIG)-11-ddUTP using a DIG Gel Shift Kit (Roche) according to the manufacturer's instruction. The mixture for the EMSA (total volume of 20 l) contained 20 ng of the DIG-labeled DNA fragment and different amounts of His 6 -RosR protein in the reaction buffer [20 mM HEPES, pH 7.6, 1 mM EDTA, 10 mM (NH 4 ) 2 SO 4 , 1 mM dithiothreitol (DTT), 0.2%, wt/vol, Tween 20, 30 mM KCl, 5 g ml Ϫ1 poly-L-lysine, and 0.5 g ml Ϫ1 poly(dI-dC)]. After incu- bation at 20°C for 20 min, the reaction mixtures were loaded onto a 5% nondenaturing gel containing 10% glycerol and resolved in Tris-glycine buffer (25 mM Tris, 190 mM glycine) supplemented with 5 mM MgCl 2 , 1 mM EDTA, and 0.1 mM DTT at 9 V/cm for 2.5 h. Subsequently, DNAprotein complexes were electrotransferred onto a nylon membrane and visualized by chemiluminescent detection according to the manufacturer's instruction. EPS isolation and quantification. For EPS isolation, 10-ml cultures of rhizobial strains were grown in 79CA and M1 media supplemented with 1% glycerol for 2 days at 28°C in a rotary shaker. EPS was precipitated from culture supernatants with 4 volumes of 96% ethanol, collected by centrifugation and, after being redissolved in water, analyzed for carbohydrates according to Loewus (27) . The total sugar content was calculated as glucose equivalents.
RESULTS
Functional analysis of the pssA promoter region. Our previous studies have shown that pssA is present in the genomes of strains belonging to all three biovars of R. leguminosarum, and this gene represents an individual open reading frame located downstream of pssB (5, 9) . pssA contains a very long upstream region (767 bp), suggesting complex regulation of expression of this gene. Until now, there have been no detailed functional analyses of this sequence and motifs involved in pssA transcription. In this study, a bioinformatic analysis of the pssB-pssA intergenic region has been performed, which revealed the presence of several regulatory elements, including putative promoter motifs and direct and inverted repeats of different lengths (Fig. 1) . Upstream of the pssA coding region, three putative promoters, P1, P2, and P3 with a score of 0.71 (a sequence from Ϫ511 bp to Ϫ452 bp), 0.86 (Ϫ354 bp to Ϫ305 bp), and 0.79 (Ϫ261 bp to Ϫ212 bp), respectively, have been found. The above data suggest that these promoters are of a relatively low stringency. Their sequence motifs demonstrated a similarity to eubacterial promoters whose transcription is initiated by the sigma factor 70 (28) . Among these, the distal promoter P1 with the sequence TTGTCA-N 17 -GACAGT contained a Ϫ35 hexamer almost identical to and a Ϫ10 hexamer less similar to the consensus sequence (TTGACA-N 17 -TATAAT) with an optimal spacing of 17 nucleotides (nt) (nucleotides identical with the consensus sequence are underlined) (Fig. 1) . The second promoter, P2, had a Ϫ35 hexamer identical to that of the consensus, but the Ϫ10 motif was of a significantly lower sequence identity (TTGACA-N 17 -GAAATA). The proximal promoter P3, similarly to the P1, contained a Ϫ35 hexamer with 5 nt identical to the consensus sequence and a Ϫ10 hexamer of low sequence identity (TGGACA-N 17 -CATTTT). It is well known that the Ϫ35 hexamer is recognized and bound by the 70 factor of RNA polymerase (RNAP) as the first among promoter motifs (29) . The sequences of the Ϫ35 motifs of all the three pssA promoters suggested that they might be target sites successively recognized by the 70 of RNAP. On the other hand, the low homology of the Ϫ10 hexamers of the P1, P2, and P3 promoters to the consensus sequence indicated a relatively low stringency of RNAP 70 binding to these promoter regions. Also, using the promoter consensus CTTGAC-N 17/18 -CTATAT of S. meliloti, the same fragments of the pssA upstream region have been identified as Ϫ35 and Ϫ10 motifs of these promoters, but these motifs showed slightly lower identity with the S. meliloti consensus than with the E. coli consensus (30) .
To functionally analyze the putative pssA promoters, a set of plasmids (pPA1 to pPA5) containing 5=-end deletion fragments of the promoter region fused to a promoterless lacZ gene were constructed ( Fig. 1 and 2 ). These recombinant plasmids were introduced to E. coli DH5␣ and R. leguminosarum bv. trifolii 24.2, and ␤-galactosidase activities were assayed in derivatives of the strains carrying different pssA-lacZ fusions (Fig. 2) . In general, very high differences in the levels of pssA transcription were observed in these two genetic backgrounds. We have found low and similar transcription levels for the pPA1 to pPA4 fusions in E. coli. In contrast, very high promoter activity for these fusions in strain 24.2 has been observed, suggesting that some rhizobium-specific activators are engaged in positive regulation of pssA expression. Among them, the highest transcription was observed for the pPA1 fusion, indicating that the full-length upstream region is indispensable for the maximum level of pssA expression. The deletion of the sequence from Ϫ750 bp to Ϫ538 bp (in pPA2 still containing all three promoters) resulted in a 26.4% decrease in pssA transcription, which suggested a role of some sequence motif(s) located in this region for the optimal expression of pssA (Fig. 2) . The subsequent deletion of the sequence from Ϫ538 bp to Ϫ374 bp (pPA3 fusion) resulted in a slight increase in transcription in comparison to the level of pPA2 transcription. On the other hand, a decrease in pssA transcription to 61% of that in the pPA3 plasmid was observed in the pPA4 plasmid, which does not contain the Ϫ374-bp to Ϫ284-bp region and the P2 promoter. These data indicate that the P3 promoter is functional in both genetic backgrounds and ensures a basic level of pssA transcription, but the full-length (767-bp) regulatory region is required for very high expression of this gene in R. leguminosarum. The level of ␤-galactosidase activity in the pPA5 fusion, which was similar to that in the strain containing the pMP220 vector without the pssA regulatory sequence, confirmed that the region downstream of Ϫ134 bp did not contain any promoter sequences.
Identification of putative regulatory motifs in the pssA upstream region. Previously, we have established that EPS production in R. leguminosarum is affected by several environmental factors, including phosphate and the carbon source (19, 20) . Also, iron availability influences the synthesis of this polymer, as was evidenced for strain 24.2, which produced about 1.5-fold more EPS in the absence of iron than under iron-rich conditions (2.3 mg and 1.5 mg mg Ϫ1 of protein, respectively). Therefore, we decided to establish whether these factors affect EPS production via modulation of pssA transcription. In order to identify motifs potentially involved in regulation of pssA expression, in silico analysis of the upstream region of this gene was performed. As a result, several sequence motifs representing putative target sites for bacterial regulators have been identified. Among them are three motifs sharing significant homology with the Pho box consensus sequence (CTGTCAT-N 4 -CTGTCAT) recognized by PhoB protein, two motifs resembling the E. coli cAMP-CRP consensus sequence (TGTGA-N 6 -TCGCA), and two motifs with high identity with the RosR box recognized by RosR protein ( Fig. 1 and 2) . Additionally, two putative IRO boxes and one ICE box showing high homology to motifs recognized by rhizobial proteins RirA (TGA-N 9 -TCA) and IrrA (TTT-N 11 -AAA), which are involved in regulation of gene expression in response to high and low iron concentrations, respectively, have been identified (31) (32) (33) . Moreover, several inverted repeats of different lengths have been found in the pssA upstream region (Fig. 1) ; among these IR2 and IR9 were the longest, with 15-nt inverted repeats. pssA transcripts generated from the P1 and P3 promoters contained long 5= untranslated regions, in which a great majority of identified IRs were located. Secondary structure analysis of RNA transcribed from the P1 promoter revealed that the IR2 to IR10 motifs are engaged in formation of several stem structures in the upper part of the transcript, with a total free energy of ⌬G ϭ Ϫ133.1 kcal/mol. At the 5= end of this RNA, a very long stem consisting of the IR2, IR3, and IR4 motifs was generated, with a total free energy of ⌬G ϭ Ϫ34.1 kcal/mol. In addition, the IR8 and IR9 inverted repeats formed a stable structure with an energy of Ϫ38.7 kcal/mol. In the case of a shorter transcript generated from the P3 promoter, motifs IR7 to IR10 were involved in stabilizing the secondary structure of its 5= end (⌬G ϭ Ϫ83.7 kcal/mol). The IR10 motif located just downstream of the translation start site formed a stable stem structure (⌬G ϭ Ϫ18.6 kcal/mol), which played a significant role in the stability of secondary structures of both pssA transcripts.
The functional analysis of Pho boxes located in the pssA upstream region. In order to investigate the significance of individual Pho boxes in the regulation of pssA transcription and their response to phosphate availability, fusions of pPA1 to pPA4 were used. Strain 24.2 derivatives bearing respective plasmid fusions were grown in minimal M1 medium containing 0.1 mM phosphate (low P i ) or 15 mM phosphate (high P i ), and ␤-galactosidase activities were measured (Table 2 ). In general, this nutrition factor essentially affects pssA transcription. During phosphate starvation, the level of pssA-lacZ transcription was significantly higher than in the presence of a high concentration of phosphate. For pPA1 and pPA2 fusions containing three Pho motifs, the ratios of ␤-galactosidase activities in strain 24.2 derivatives growing under low-phosphate and high-phosphate (low P i /high P i ) conditions were 1.7 and 1.64, respectively, confirming the significant role of this environmental signal in regulation of pssA transcription. In the case of the pPA3 which contains Pho box 1 lacking 4 nt at its 5= terminus, the difference in the transcription levels measured at low and high P i was slightly lower. For a pPA4 fusion containing Pho boxes 2 and 3, this ratio was very similar to the results obtained for pPA1 and pPA2, indicating that the absence of the distal binding site does not influence the level of pssA expression.
In order to establish which of Pho boxes 2 and 3 is involved in phosphate-dependent regulation of pssA expression, additional pPA4-A, pPA4-B, and pPA4-C fusions were constructed as pPA4 derivatives. Pho box 2 was located just upstream of P3, whereas Pho box 3 was 195 bp downstream of this promoter (Fig. 1) . The pPA4-A and pPA4-B fusions had a progressive deletion of the 5=-end sequence encompassing Pho box 2 (from Ϫ284 bp to Ϫ265 bp and from Ϫ284 bp to Ϫ261 bp, respectively), and the pPA4-C had a deletion of the region from Ϫ38 bp to Ϫ14 bp containing the Pho box 3. pssA-lacZ expression levels in strains 24.2(pPA4-A) and 24.2(pPA4-B) growing under high-phosphate conditions constituted only 69% and 23%, respectively, of the level observed for the strain 24.2 bearing the pPA4 plasmid (Table 2 ). These data indicated that the sequence located just upstream of the P3 promoter plays a significant role in pssA transcription driven from this promoter. In addition, the pPA4-B fusion has lost its suscep- Transcriptional activity of pssA promoters assayed in E. coli DH5␣ and 24.2 strains carrying the pMP220 plasmid with different fragments of the pssA upstream region fused with the promoterless lacZ gene. E. coli strains were grown in LB medium, and strain 24.2 derivatives were grown in 79CA medium supplemented with 1% glycerol for 24 h. ␤-Galactosidase activities shown are means of five independent experiments with standard deviations. tibility to phosphate concentrations. On the other hand, ␤-galactosidase activity of pPA4-C with the Pho box 3 deletion was similar to that observed in pPA4, which excluded a role of this motif in phosphate-dependent regulation of pssA expression.
In conclusion, phosphate concentration influences the level of pssA transcription in R. leguminosarum, and Pho box 2 located just upstream of the P3 promoter is responsible for this effect.
Further studies of Pho-box-mediated activation of pssA transcription were performed on S. meliloti wild-type and phoB mutant strains bearing plasmids pPA1 to pPA4. Generally, the expression of pPA1 to pPA4 fusions was almost 2-fold higher in the wild-type Rm1021 strain than in the RmH406 mutant growing under low-phosphate conditions (Table 2 ). In Rm1021, slightly lower low P i /high P i ratios for the fusions analyzed (range, 1.25 to 1.2) were detected than in strain 24.2, but in both strains the same tendency was observed. Similarly, in the case of strain Rm1021, Pho box 2 located in the pPA4 and pPA4-C fusions turned out to be essential, whereas Pho box 3 (the pPA4-B plasmid) was not significant for this regulatory effect. In contrast to the wild-type strain, the level of LacZ expression in the phoB mutant carrying all four fusions, pPA1 to pPA4, was similar under both low-and high-phosphate conditions (the low P i /high P i ratios ranged from 0.92 to 1.03), confirming that the functional PhoB protein is required for modulation of pssA transcription.
Role of cAMP-CRP binding sites in pssA transcription. Apart from the regulatory elements described above, two motifs resembling the E. coli cAMP-CRP consensus sequence have been identified in the pssA regulatory region. The two putative cAMP-CRP binding sites were located upstream of the distal P1 promoter at positions Ϫ719 bp to Ϫ704 bp and Ϫ608 bp to Ϫ593 bp, respectively. cAMP-CRP box 1 (TGTAA-N 6 -GCTCA) contained both first and second pentamers almost identical to those of the E. coli consensus TGTGA-N 6 -TCACA (Fig. 1) . cAMP-CRP box 2 (TGTGA-N 6 -TCGCG) shared even higher identity, with the first pentamer identical to this consensus sequence and the second pentamer highly conserved.
To examine the function of the cAMP-CRP binding sites in pssA transcription and their response to the carbon source, strain 24.2 derivatives bearing different pPA fusions were grown in the presence of glycerol or glucose as sole carbon sources, and ␤-galactosidase activity was measured (Table 3) . Among the four pssAlacZ fusions tested, a substantial difference in the expression levels between these carbon sources was observed only for pPA1 containing the entire upstream region with both cAMP-CRP binding sites 1 and 2. The ratio of ␤-galactosidase activity with Gly/activity with Glc (Gly/Glc ratio) for strain 24.2(pPA1) was 2, indicating a significant role of these two motifs in pssA transcription. Deletion of both cAMP-CRP sites (pPA2 fusion) rendered the P1 promoter unresponsive to glucose, which was confirmed by the decrease in the Gly/Glc ratio to 0.91. Further deletions of the pssA regulatory region (pPA3 and pPA4) did not change this effect (the Gly/Glc ratios were 1.06 and 1.03, respectively) ( Table 3) .
Since the responses of these regulatory motifs to glucose were similar in R. leguminosarum and E. coli, we further examined ), and 1% glycerol. Low-phosphate medium additionally contained 20 mM MOPS for pH stabilization. pssA-lacZ transcription was determined from ␤-galactosidase assays. b Values (Miller unites) are means Ϯ standard deviations of three independent experiments. Low P i , 0.1 mM phosphate; high P i , 15 mM phosphate. c P i ratio, activity at low P i /activity at high P i . *, statistically significant difference (P Ͻ 0.05) between low-and high-phosphate conditions for the individual fusion assayed. d Numbers refer to Pho boxes (Fig. 1) . †, 3= half. c Gly/Glc, activity with Gly/activity with Glc. *, statistically significant difference (P Ͻ 0.05) for the individual fusion between glycerol and glucose conditions. d Numbers refer to CRP boxes (Fig. 1) .
cAMP-CRP-mediated activation of pssA transcription in the presence and absence of glucose in the wild-type E. coli and cyaA and ⌬crp mutant strains bearing fusions pPA1 to pPA4 ( Table 3 ). The Gly/Glc ratios of ␤-galactosidase activities in the wild-type strain VH1000 harboring pPA fusions were comparable to those of strain 24.2. In the absence of glucose, significantly higher expression in the VH1000 strain was observed only for pPA1 (ratio of 1.37), whereas loss of responsiveness to glucose was noticed for the remaining pPA2 to pPA4 fusions. No significant differences in pssA-lacZ transcription were observed in either the cyaA or the ⌬crp mutant in the presence and absence of glucose (ratio values around 1). All of these data indicate that CRP positively affects pssA transcription and that the cAMP-CRP binding sites located in the upstream region of this gene are engaged in this regulation. The functional analysis of IRO boxes and the ICE box located in the pssA regulatory region. In R. leguminosarum, a system responsible for iron homeostasis is mediated by two IrrA and RirA regulatory proteins. IrrA binds to specific conserved motifs (TTT-N 11 -AAA) termed an iron control element (ICE box) in promoters of iron-regulated genes and represses their transcription under iron limitation. In contrast, RirA recognizes iron-responsive operators (IRO box) of the TGA-N 9 -TCA consensus sequence and represses gene expression under Fe-rich conditions (32, 33) .
In silico sequence analysis of the pssA upstream region revealed the presence of two IRO motifs highly similar to those recognized by RirA and one ICE motif as a putative target site for IrrA protein ( Fig. 1 and 2 ). Among the identified IRO boxes, the first motif (TGA-N 9 -TCG) was located 82 bp upstream of the P1 Ϫ35 hexamer, whereas the second motif (TGA-N 9 -TCA) identical to the consensus sequence was located just downstream of the P1 Ϫ10 element. The ICE box (TGT-N 11 -AAA) of the sequence, nearly identical to the consensus, was found between the P1 and the P2 promoters (98 bp downstream of the P1 Ϫ10 and 11 bp upstream of the P2 Ϫ35 motifs).
In order to confirm the significance of these motifs in irondependent regulation of pssA expression, ␤-galactosidase activity was determined in strain 24.2 harboring pPA1 with the longest promoter region cultured in iron-sufficient and iron-deficient M1 medium. Transcription of this fusion increased 1.3-fold in the Fe ϩ3 -depleted M1 medium in comparison to the Fe ϩ3 -replete medium (15, 244 versus 11, 726 Miller units) , indicating a positive iron response of pssA expression (data not shown). To investigate the function of individual regulatory motifs, the pPA1 to pPA4 fusions were introduced into R. leguminosarum bv. viciae wildtype strain J251 and its derivatives containing a mutation in the irrA (J386) and rirA (J397) genes. These strains were grown under Fe-replete and Fe-depleted conditions, and then ␤-galactosidase activity of transcriptional pssA-lacZ fusions was measured. The pPA1 plasmid contained both IRO boxes and the ICE box, pPA2 contained only the second IRO box and the ICE box, and pPA3 contained the ICE box lacking 3 bp at its 5= terminus. The pPA4 plasmid possessed the pssA regulatory region with no IRO and ICE regulatory motifs. The ratios of ␤-galactosidase activities in strains growing under Fe-depleted and Fe-replete conditions (Fe Ϫ /Fe ϩ ratio) are shown in Table 4 . The values of the Fe Ϫ /Fe ϩ ratios were not high, suggesting that the response of the pssA regulatory region to iron availability was moderate. The highest increase in pssA transcription was found in the J251 and J386 strains with the pPA1 fusion containing the full-length upstream region (1.27-and 1.25-fold, respectively). For pPA2 lacking IRO box 1, the Fe Ϫ / Fe ϩ ratio moderately decreased. In the case of pPA3 and pPA4, similar ratios (nearly 1) were found in all the derivatives of the three strains, indicating that this fragment of the pssA upstream region is not engaged in the regulation. Similarly, Fe Ϫ /Fe ϩ values of about 1 were observed in the rirA mutant. All these data indicate that IRO box 2 and RirA protein might be involved in slight irondependent modulation of pssA expression.
The role of RosR boxes in pssA transcription. Among the regulatory elements identified in the pssA upstream region, two motifs highly similar to the RosR box consensus have been found ( Fig. 1 and 2) . The RosR box is a 22-bp-long sequence containing two 9-bp inverted repeats separated by a 4-bp spacer (TGAAATC TA-N 4 -TAGATTTCA), which is a binding site for RosR, a transcriptional regulator uniquely occurring in rhizobia (18) . Both RosR boxes identified were located downstream of the P1 promoter, at position Ϫ356 bp to Ϫ335 bp and at Ϫ277 bp to Ϫ251 bp. The first motif overlapped the P2 Ϫ35 hexamer, whereas the second one overlapped the P3 Ϫ35 element. RosR box 1 (TAGA AACTT-N 4 -AAAATTCCA) contained a more accurate palindrome and higher sequence identity to the consensus than RosR box 2 (TGCGATATT-N 4 -TGGACACCA).
To assess the importance of these motifs in pssA transcription, we introduced the pPA1 to pPA4 fusions to the wild-type 24.2, the rosR mutant (R. leguminosarum bv. trifolii 2472), and the 24.2 strain with additional rosR copies on the pBBR1MCS-2 plasmid (Table 5 ). The pPA1, pPA2, and pPA3 fusions contained both RosR boxes, whereas pPA4 contained only RosR box 2. In general, a significant decrease in pssA-lacZ transcription was observed for all of the tested fusions (with the exception of pPA4) in the rosR mutant in comparison to the wild-type bacteria. The activities of ␤-galactosidase for the pPA1, pPA2, and pPA3 plasmids were 1.6-, 2.19-, and 3.38-fold higher, respectively, in the wild-type strain than in the rosR mutant. In the case of pPA4, no significant difference in the level of pssA transcription between these strains was found, indicating that RosR box 2 is not essential for this regulation. On the other hand, the presence of multiple rosR copies resulted in a nearly 2-fold increase in pssA-lacZ expression (pPA1 to pPA3 fusions) in comparison to the wild type. In conclusion, our data indicate that RosR box 1 and RosR protein are responsible for the positive regulation of pssA transcription. Binding of His 6 -RosR protein to the RosR box sequence. Previously, we have established that the RosR protein binds effectively to the RosR box in the rosR upstream region and downregulates the transcription of its own gene (18) . In this work, the binding capacity of RosR to the pssA regulatory region was studied. In order to confirm the direct involvement of this protein in pssA transcription, we performed EMSAs using an 18-kDa His 6 -RosR fusion protein purified under native conditions. For this experiment, a PCR-amplified 145-bp-long DNA fragment labeled with digoxigenin (DIG) and encompassing the pssA upstream region (Ϫ413 bp to Ϫ269 bp) with RosR box 1 was used with increasing concentrations of His 6 -RosR protein (Fig. 3) . The observed retardation was dependent on protein concentration, and 0.5 ng l Ϫ1 of the protein was found to be sufficient to form a pssA DNA-His 6 -RosR complex. The further increase of the protein content in reaction mixtures (to 8 ng l Ϫ1 ) resulted in formation of larger amounts of this complex. These data confirm that RosR protein binds effectively to the pssA upstream region from Ϫ413 bp to Ϫ269 bp containing RosR box 1.
The effect of additional copies of the pssA regulatory region and a mutation in this region on EPS production. In order to establish whether additional copies of the pssA upstream region influence the level of EPS produced by the R. leguminosarum bv. trifolii 24.2, plasmids containing different fragments of the regulatory region were constructed on a high-copy-number pBBR1MCS vector and introduced into this strain. The presence of the pAX1 plasmid harboring the entire pssA upstream region exerted a strong negative effect on EPS production, decreasing the synthesis of this polymer to 61.5% of the control level (Table 6) . Additionally, strain 24.2 derivatives containing pAX2 and pAX3 plasmids produced significantly less EPS than the wild-type strain (66% and 69%, respectively). These data indicate that multiple copies of the pssA regulatory region, present in plasmids pAX1 to pAX3 and encompassing RosR box 1 and other motifs, negatively affected EPS production, probably as a result of binding of RosR and other regulatory proteins. On the other hand, additional pssA copies positively influenced EPS production. Plasmid pAX6 contained the pssA gene with both P1 and P3 promoters, and pAX7 contained the gene preceded by only the P3 promoter. The 24.2 derivatives bearing plasmids pAX6 and pAX7 produced 1.56-and 1.34-fold more EPS than the wild-type strain (Table 6 ).
In addition, R. leguminosarum bv. trifolii mutant strains 4440 and 1012 carrying a Tn5 insertion in the pssA upstream region were obtained. Strain 4440 has a mini-Tn5 transposon inserted downstream of P3 (position Ϫ77/Ϫ78 bp), whereas strain 1012 has the Tn5 located between Ϫ35 and Ϫ10 hexamers of this promoter (position Ϫ253/Ϫ254 bp) (Fig. 1) . Neither of these mutants produced EPS, confirming the significant role of the P3 promoter in pssA transcription.
DISCUSSION
Previously, it was found that EPS production in R. leguminosarum is affected by such environmental factors as phosphate, ammonium, carbon source, and flavonoids (19, 20) . But until now regulatory pathways controlling the expression of pss genes in response to these environmental factors have not been extensively studied (21, 34) . In this work, we performed a detailed analysis of the pssA upstream region to establish environmental signals that influence transcription of this gene. We have found that pssA is an important target for regulation of this biosynthetic pathway. In the pssA upstream region, three putative promoters showing significant similarity to eubacterial promoters recognized by the sigma factor 70 of RNA polymerase have been identified (28) . Among them, the distal promoter P1 and the proximal promoter P3 proved to be responsible for pssA transcription in R. leguminosarum bv. trifolii. Ivashina and coworkers (8) reported that the pss4 gene from R. leguminosarum bv. viciae VF39, which is an ortholog of pssA from R. leguminosarum bv. trifolii 24.2, also possessed three putative promoters. Similarly, S. meliloti exoY, the key gene involved in succinoglycan biosynthesis, was found to be expressed from two distinct promoters (35, 36) .
pssA contains a very long (767 bp) regulatory region, in which several inverted repeats (IRs) of different lengths have been identified (Fig. 1) . Such long upstream regions have often been described as target sites for the regulation of gene expression (20, 36, 37) . Both transcripts generated from the P1 and P3 promoters have long 5= untranslated regions, and a majority of these IRs proved to be involved in formation of secondary structures of pssA RNAs. Particularly in the case of the longer transcript initiated from the P1 promoter, several stem structures, consisting of the IR2 to IR4, IR7 to IR9, and IR10 motifs, were formed at its 5= terminus.
In addition, several sequence motifs involved in RosR-dependent and phosphate-, carbon source-, and iron-mediated regulation have been identified in the pssA upstream region. Our results indicate that the transcription of this gene is upregulated by RosR and several nutrition factors as well. These regulatory pathways positively correlate with the levels of EPS production under these environmental conditions (19, 20) . RosR protein was evidenced to be essentially involved in this regulation since pssA expression was significantly decreased (1.6-fold) in the rosR mutant but 1.8-fold increased in strain 24.2 carrying additional rosR copies (Table 5) . Moreover, it has been confirmed that purified RosR binds effectively to the RosR box 1 sequence located downstream of the distal P1 promoter ( Fig. 1 and 3) . RosR is the regulatory protein uniquely occurring in rhizobial cells. Previously, we have demonstrated that RosR is a positive regulator of EPS synthesis (18) . A mutation in rosR resulted in a 3-fold decrease in EPS synthesis, whereas additional copies of this gene caused a 1.9-fold increase in EPS production. On the other hand, RosR negatively regulates the expression of its own gene by binding to the RosR box sequence located in the rosR upstream region.
Among the environmental factors tested, phosphate and carbon source were found to strongly affect pssA transcription in R. leguminosarum (Table 2 and 3) . Under phosphate limitation, pssA expression was 1.7-fold higher than in the presence of a high concentration of this nutrient. Transcriptional analysis of the pPA1 to pPA4 fusions in the S. meliloti wild-type and phoB mutant strains growing under low-P i conditions indicated significantly lower pssA-lacZ expression in the mutant background, which confirmed the function of PhoB in the upregulation of this gene. The low P i /high P i ratios of the tested fusions in both the wild-type strains of R. leguminosarum and S. meliloti showed that Pho box 2 located upstream of the P3 promoter was engaged in the phosphate-dependent modulation of pssA expression (Table 2 ). In addition, this region (Ϫ284 bp to Ϫ260 bp) located just upstream of the P3 Ϫ35 hexamer proved to be indispensable for the maximal level of pssA transcription driven from this promoter. This finding was in agreement with our previous results indicating that EPS synthesis and biofilm formation in R. leguminosarum were significantly increased under phosphate starvation (20) . Similarly, transcription of S. meliloti exoY from the proximal promoter that contained a Pho-box-like sequence in its Ϫ35 region was affected by PhoB in a phosphate-dependent manner (36) . Moreover, MucR protein that bound to a short DNA region upstream of exoY slightly increased the transcription of this gene (38) . In addition, some differences in the levels of pssA-lacZ transcription observed between the Rm1021 and RmH406 strains growing under high-phosphate conditions might suggest an additional phoB-independent effect of phosphate on pssA expression. Similarly, complex phosphatemediated regulation has been reported for S. meliloti exoY, in which both PhoB-dependent and PhoB-independent regulation was engaged (36) .
Phosphate is one of the most essential nutrients for bacteria but is often limited in the soil (39) . S. meliloti mutants that are unable to take up phosphate do not fix nitrogen (40) , which suggests a substantial role of this factor for effective symbiosis. A two-component regulatory system consisting of a PhoR sensor kinase and a PhoB response regulator is involved in regulation of many rhizobial genes (41) (42) (43) (44) . PhoB of R. leguminosarum bv. viciae 3841 (accession number RL0547; genome position, 591,764 to 592,447 bp) (45) shows 100% amino acid identity with PhoB of R. leguminosarum bv. trifolii WSM1325, 93% identity with PhoB of S. meliloti, and 54% identity with PhoB of E. coli, which indicates a high sequence conservation within this group of transcriptional regulators (42, 46, 47) .
Another nutrient significantly affecting pssA transcription in R. leguminosarum is the type of the carbon source (Table 3) . We have found that the presence of glucose caused a 2-fold decrease in pssA expression in strain 24.2 carrying the longest pPA1 fusion, suggesting a role of catabolite repression in the regulation of transcription of this gene. The remaining pPA2 to pPA4 fusions did not show sensitivity to glucose, thus indicating that the pssA regulatory sequence from Ϫ750 bp to Ϫ539 bp is responsible for this effect (Fig. 1) . In this region, two cAMP-CRP motifs for the CRP activator have been identified. Transcriptional analysis of pPA1 to pPA4 fusions in the wild-type E. coli and cyaA and crp mutants confirmed that CRP and cAMP are required for this regulation (Table 3) . cAMP-CRP boxes 1 and 2 are located immediately upstream of the P1 promoter and are separated by a 102-bp distance. The location of these motifs suggests that activation of pssA transcription from P1 occurs in a manner similar to an E. coli synergistic class III mechanism, in which two or more CRP dimers or a combination of CRP and other activators is utilized to achieve maximal transcription activation (48, 49) . The importance of this regulatory region for pssA expression is additionally confirmed by the phenotype of R. leguminosarum bv. trifolii mutant 120 with a Tn5 transposon insertion at position Ϫ666/Ϫ667 bp of the pssA upstream region (Fig. 1) (9) . This mutant does not produce EPS and elicits nodules on clover plants that are ineffective in nitrogen fixation, similarly to the R. leguminosarum bv. trifolii mutant 5819 with a Tn5 insertion in the pssA coding region (Fig. 1) (5) . Previously, we have reported that glucose influenced rosR expression (19) . Also in S. meliloti, the production of succinoglycan was found to be affected by catabolite repression (50) .
In contrast to the situation in E. coli, elucidation of the physi-ological roles of CRP and cAMP in rhizobia is difficult since multiple genes encoding transcriptional regulators belonging to the CRP/FNR family and putative adenylate cyclases have been identified in the genomes of these bacteria (45, 51) . These CRP/FNR regulators of R. leguminosarum bv. viciae 3841 show 25.1% to 28.9% identity with the CRP of E. coli K-12 (45, 47) . Among the environmental signals tested, iron ions appeared to have only a slight stimulatory effect on pssA expression although we have found that this compound significantly affected EPS production in R. leguminosarum. In the pssA upstream region, the ICE box and two IRO boxes with high sequence identity to consensus sequences recognized by IrrA and RirA regulators, respectively, have been identified (Fig. 1) (32, 33) . Our data indicate that RirA and IRO box 2 might be involved in iron-dependent regulation of pssA transcription, but the level of the modulation observed is very low (Table 4) . This suggests that genes other than pssA involved in EPS biosynthesis are more efficiently responding targets for RirA and/or IrrA proteins.
The complexity of pssA regulation is additionally confirmed by recent data obtained by Vanderlinde and Yost (52) , who have found that the expression of this gene was decreased 1.6-fold in an R. leguminosarum chvG mutant in comparison to its parental strain. This finding suggested a function of the sensor kinase ChvG of a two-component signal transduction system in positive regulation of pssA transcription. In contrast, a small inner membraneattached protein, PsiA, encoded by a gene located on the symbiotic megaplasmid of R. leguminosarum bv. phaseoli negatively regulates EPS production (14) . Since PssA containing a transmembrane domain at its N terminus is also located in the inner membrane, the same subcellular localization of both PsiA and PssA proteins (7, (13) (14) (15) suggests that PsiA could function as a posttranslational inhibitor of PssA, which interacts with and inhibits the activity of this enzyme.
In addition, in order to establish a linkage between pssA expression and EPS synthesis in R. leguminosarum, mutations in the pssA regulatory region have been introduced. We have found that a Tn5 insertion within the P3 sequence (mutant strain 1012) exerted an identical phenotypic effect as insertions located downstream of the P3 promoter (mutant 4440) and inside the pssA ORF (mutant 5819) (Fig. 1) . None of these mutants produced EPS, confirming that the P3 promoter plays a significant role in pssA expression and, as a result, in EPS synthesis. On the other hand, additional pssA copies significantly enhanced production of this polymer in strain 24.2. Moreover, multiple copies of the pssA regulatory region negatively affected EPS production, most probably by providing additional target sites for binding of regulatory proteins involved in positive regulation of pssA expression. Previously, we have reported that multiple copies of the rosR upstream region containing a RosR box also decreased EPS synthesis (53) . These results show that the RosR protein is essential for regulation of expression of both these genes.
In a summary, the data of this study indicate that the regulation of pssA expression is very complex. The high level of pssA transcription in R. leguminosarum is a result of interactions between RosR and other signal-dependent regulatory proteins (PhoB and CRP-like) which positively affect expression of this gene.
